Locally produced peptide hormones kinins, such as bradykinin, are thought to oppose many of the prohypertensive actions of the renin-angiotensin-aldosterone system. In the kidney, bradykinin, via stimulation of B2 receptors (B2R), favors natriuresis mostly due to the inhibition of tubular Na þ reabsorption. Recent experimental evidence identifies the epithelial Na þ channel (ENaC) as a key end effector of bradykinin actions in the distal tubular segments. The focus of this review is the physiological relevance and molecular details of the bradykinin signal to ENaC.
INTRODUCTION
Proper control of systemic blood pressure (BP) is a fundamental clinical problem. Approximately 1 billion humans have hypertension and accompanying cardiovascular diseases worldwide [1] . We now recognize that the renin-angiotensin-aldosterone system (RAAS) plays a major role in the pathogenesis of hypertension [2] . Inhibition of the RAAS at multiple levels is the backbone of contemporary therapeutic strategies to reduce BP in patients [3] . Currently, angiotensin converting enzyme inhibitors (ACEIs) and angiotensin receptor blockers (ARBs) are among the most prescribed antihypertensive drugs and are the first choice to treat cardiovascular diseases, chronic heart failure, arrhythmias, and a number of other conditions [3, 4] . Importantly, substantial experimental and clinical evidence suggests that ACEIs and many ARBs not only interfere with RAAS activation but also promote beneficial actions of kinins on vascular tone and renal sodium excretion in rodent animal models and in patients [5] [6] [7] . In this review, we summarize recent findings related to signaling and physiological relevance of the natriuretic actions of kinins in the distal nephron.
RENAL KALLIKREIN-KININ SYSTEM DECREASES DISTAL TUBULE SODIUM TRANSPORT
The local hormone peptides kinins, such as bradykinin, are principal effectors of the kallikrein-kinin system (KKS). Bradykinin is produced from the inactive precursor molecule kininogen following cleavage by the serine protease kallikrein [8] . Bradykinin interacts with G-protein-coupled B1 and B2 receptors (B1R and B2R, respectively) to stimulate numerous intracellular signaling cascades [9, 10] . The biological effects of bradykinin are mediated mainly through the B2R which are constitutively expressed in smooth muscles, neurons, vascular endothelium, and kidney epithelial cells [11] . KKS is envisioned as a natural counterbalance of the RAAS. At the whole body level, KKS possesses multiple beneficial actions which reduce excessive burden on the cardiovascular system in response to RAAS activation [12] . This includes vasodilation, reduction of oxidative stress, stimulation of NO production, and augmentation of urinary sodium excretion [12] [13] [14] . Importantly, dysfunction KKS components, including kininogen [15] , kallikrein [16] , and B2R [17, 18] , causes hypertension in animal genetic models when sodium intake is elevated. Low urinary kallikrein levels are consistently found in individuals with essential hypertension [19] . A polymorphism in the human B2R gene (þ9,þ9) is linked to an increased cardiovascular risk and higher systolic BP [20] . In contrast, transgenic mice and rats overexpressing either human kallikrein (KLK1) or B2R genes are permanently hypotensive [21, 22] . Altogether, this strongly supports the concept that the functional status of KKS is a critical component of BP control.
In addition to the well-documented actions in controlling vascular tone, kinins are also important regulators of renal sodium handling [23, 24] . Interstitial fluid bradykinin levels are reported to be in the 10-100 nM range in both cortex and medulla regions of the rat kidney [25] . These concentrations are considerably higher than those present in the bloodstream [26] and more than sufficient to effectively stimulate B2R [27, 28] . In perfused rat kidneys, acute pharmacological inhibition of B2 receptors with HOE-140 (icatibant) decreased urinary Na þ excretion without altering glomerular filtration rate (GFR) or renal blood flow [24] . Importantly, high dietary sodium intake potentiates the natriuretic actions of renal KKS [29] and consistently augments urinary excretion of bradykinin and kallikrein [30] . This salt dependence indicates that the principal action site for the KKS in the renal tubule is likely restricted to the distal segments.
The distal part of the renal nephron, which includes the connecting tubule (CNT) and the cortical collecting duct (CCD), is recognized as playing a critical role in the negative feedback pathway that fine-tunes renal sodium excretion to match dietary Na þ intake [31 & ]. Sodium reabsorption here is under fine control by the RAAS to maintain systemic fluid volume and set chronic BP. Activity of the apically localized epithelial Na þ channel (ENaC) determines the electrogenic Na þ -reabsorption in the distal nephron [31 & ]. ENaC is uniquely positioned to respond to changes in systemic Na þ balance [32, 33] . Both aldosterone [34] and Ang II [35] have stimulatory actions on ENaC that are essential to prevent renal sodium losses, particularly during volume contractions. The physiological importance of ENaC in the regulation of BP in humans is emphasized by the inheritable forms of hypertension (Liddle's syndrome) resulting from gainof-function mutations of the channel [36] [37] [38] [39] [40] [41] . Loss-of-function mutations, in contrast, lead to salt wasting and low BP (pseudohypoaldosteronism type I) [39, 40] .
Although the RAAS-mediated endocrine control of ENaC activity provides a mechanistic explanation of augmented Na þ reabsorption in the distal nephron during dietary sodium restriction, the concept of ENaC inhibition during volume-expanded states is just beginning to emerge. Effective suppression of ENaC activity during high sodium intake is viewed as an important regulatory mechanism that allows avoiding excessive sodium retention and salt-sensitive hypertension. An inability to decrease ENaC activity contributes to the development of elevated BP in humans [42] and in many saltsensitive hypertensive animal models, such as saltsensitive Dahl rats [43, 44] . Recent experimental evidence strongly suggest that KKS, and specifically bradykinin, is essential for the proper regulation of ENaC activity by dietary salt intake particularly during volume expanded states [45 && ,46] .
KEY POINTS
Renal KKS inhibits sodium reabsorption and specifically ENaC activity in the distal nephron during normal and high dietary sodium intake.
Bradykinin acutely inhibits ENaC open probability in native distal nephron cells via stimulation of B2
receptors, activation of phosholipase C, followed by the depletion of PI(4,5)P 2 levels.
Augmented bradykinin signaling in the distal nephron contributes to the natriuresis promoted by ACE inhibition.
SIGNALING MECHANISMS FOR THE REGULATION OF EPITHELIAL Na R CHANNEL-MEDIATED SODIUM REABSORPTION BY BRADYKININ
Immunostaining and in-situ hybridization studies suggest that all components of the renal KKS are predominantly localized to the distal part of the renal nephron. Specifically, kallikrein is actively synthesized in the CNT, whereas kininogen and B2 receptors are expressed mainly in the collecting duct [47, 48] . Furthermore, expression of KKS components and B2R is intimately coordinated with the terminal differentiation of the distal nephron during nephrogenesis [49] . This suggests that the renal KKS is well positioned to control the function of ENaC, which is also expressed in these tubular segments. However, the initial studies probing bradykinin's effect on sodium transport in the distal nephron did not yield consensus. Bradykinin inhibited the amiloride-sensitive component of conductive Na þ uptake at the apical membrane in rabbit collecting duct cells [50] . Amiloride is a fairly specific ENaC blocker. In contrast, basolaterally applied bradykinin inhibited net sodium absorption in perfused rat CCDs without changes in transepithelial voltage, pointing to its electroneutral ENaCindependent nature [51] . Using patch clamp electrophysiology to monitor single channel function in real time, our group recently demonstrated that nanomolar concentrations of bradykinin acutely and reversibly decrease ENaC activity in freshly isolated split-opened distal nephrons as well as in cultured mpkCCD c14 cells [45 46] . This strongly suggests that ENaC-mediated sodium reabsorption is indeed a target of the renal KKS. The absence of changes in transepithelial voltage during bradykinin treatment in perfused CCDs [51] can be explained by the observation that bradykinin also decreases net Cl À absorption in the perfused CCDs [52] . It is possible that changes in transepithelial voltage due to electrogenic ENaC-mediated sodium reabsorption may be compensated by respective changes in Cl À uptake. Indeed, coordination of Na þ and Cl À transport in the distal part of the renal tubule is described in literature. For example, a recent study shows that overexpression of the chloride transporter pendrin, in intercalated cells of the distal nephron leads to respective activation of ENaC-mediated sodium reabsorption without significant changes in transepithelial voltage [53] .
We have also gained substantial knowledge concerning the signaling determinants of bradykinin signaling in native distal nephron cells ( Fig. 1 ). Using a combination of pharmacological and genetic approaches, it was shown that stimulation of the B2R-G q/11 -PLC pathway is central for bradykinin-mediated inhibition of ENaC in splitopened murine distal nephrons [45 && ,46] . This leads to a diminished activity of the channels (i.e., open probability, P o ) rather than to a decreased number of functional channels residing on the apical plasma membrane. Consistently, mice lacking bradykinin receptors have unchanged ENaC levels but inappropriately augmented ENaC P o in the distal nephron cells [45 && ]. Interestingly, dynamic changes in ENaC P o by bradykinin signaling in the distal nephron is likely determined by the availability of a signaling phospholipid, PI(4,5)P 2 , in the apical plasma membrane, which is rapidly degraded in response to PLC activation [46] . PI(4,5)P 2 is known to acutely regulate ENaC P o via direct interaction and possible binding to the positively charged domains within intracellular N-termini of b-ENaC and g-ENaC subunits [54] . In addition, activation of bradykinin signaling is known to stimulate NO production via endothelial nitricoxide synthase-dependent pathways in cortex kidney slices [55] , augment production of cytochrome P450 derivatives in perfused rat kidney [56] , and, similarly, the PLA 2 signaling cascade in rabbit CCD cells [57] . All these pathways can also exert inhibitory actions on ENaC [58, 59] . It remains to be further determined whether they play a notable role in bradykinin-mediated regulation of ENaC.
It should also be noted that the effects of the renal KKS on Na þ transport in the distal nephron are likely more complex and may occur independently of bradykinin. Tissue kallikrein can proteolytically cleave ENaC at the site of another serine protease, prostasin to augment channel activity [60 & ,61]. This may facilitate ENaC activation during states with elevated circulating levels of aldosterone such as low Na þ and high K þ dietary intakes [60 & ]. However, the physiological relevance of this regulation is still unclear as overexpression of human kallikrein in rats and mice causes hypotension [21, 62] . Similar dual actions on Na þ handling in the kidney have been reported for prostaglandins. Despite the fact that renal prostaglandins cause natriuresis and diuresis [63] , they also play a critical role in promoting renin secretion [64] . It is possible that such opposite effects serve to partially balance each other, thus protecting from extreme disturbances in kidney function.
SALT SENSITIVITY OF BRADYKININ ACTIONS ON EPITHELIAL Na R CHANNELS IN THE DISTAL NEPHRON
The epidemiological GenSalt study demonstrated that genetic variants of the bradykinin receptor B2 gene (BDKRB2) showed significant associations with salt-sensitivity phenotypes, even after adjusting multiple testing among a large and homogeneous sample of Han Chinese families [65 && ]. Consistently, mice lacking B2R develop hypertension when challenged with elevated sodium intake and may have mildly increased BP during unstressed conditions [17, 18, 66] . Several studies point to an altered vasoconstriction that might be a cause for the elevated BP [18, 67] . However, experimental evidence also demonstrates a critical contribution of compromised renal sodium handling in the pathology. Thus, acute inhibition of B2R increases fractional Na þ excretion without noticeable changes in GFR and inner medullary and cortical blood flow in rats fed normal but not low sodium diet [24] . This suggests that renal kinins tonically decrease sodium transport in the terminal segments of nephron during normal physiological conditions [68] . Furthermore, genetic or pharmacological interference with B2R function exacerbates BP elevations and reduces cumulative urinary sodium excretion during conditions of mineralocorticoid excess [69, 70] . Finally, tissue kallikrein deficiency also leads to augmented aldosterone-salt-induced hypertension, which can be at least partially explained by renal sodium retention because of the enhanced distal nephron sodium reabsorption [71 & ]. In a good agreement with these studies, our group recently demonstrated that dysfunction of the KKS due to genetic deletion of both bradykinin receptors (B1R and B2R) increases basal ENaC P o compared with the values in wild-type mice during regular sodium intake [45 && ]. The difference in basal ENaC P o was augmented during elevated Na þ intake and negated during Na þ restriction. At the same time, the stimulatory actions of exogenously administered mineralocorticoids on ENaC activity were similar in wild-type and mutant mice indicating nonredundancy of bradykinin actions on ENaC [45 && ]. Overall, these observations strongly suggest that bradykinin signaling plays an important physiological role by decreasing ENaC activity in the aldosterone-sensitive distal nephron during euvolemic and volume expanded states to avoid excessive sodium retention. It is conceivable that genetic deletion of bradykinin receptors recapitulates the state of gain-of-function mutations in ENaC causing hypertension in humans [36, 37] . However, taking into consideration that multiple factors play a role in the hypertensive phenotype in KKS dysfunction, the exact contribution of the augmented ENaC-mediated sodium reabsorption requires further careful examination. 
REGULATION OF EPITHELIAL Na R CHANNEL ACTIVITY BY BRADYKININ CONTRIBUTES TO THE NATRIURETIC EFFECT OF ANGIOTENSIN CONVERTING ENZYME INHIBITION
It is known that ACE activity constitutes one of the major pathways responsible for the cleavage and degradation of kinins [12] . Interestingly, in-vitro studies suggest ACE is approximately 30 times more potent in cleaving kinins than in producing Ang II from Ang I [47, 72] . In the kidney, sufficient ACE activity is present at the apical plasma membrane of principal cells in the distal nephron [73, 74] . This suggests that the functional status of ACE determines the extent of ENaC inhibition by bradykinin.
Acute ACE blockade with captopril greatly augments elevations of [Ca 2þ ] i in murine distal nephron cells in response to bradykinin indicating a higher level of B2R activation [45 && ]. Moreover, this causes substantially stronger inhibition of ENaC activity by smaller concentrations of bradykinin in split-opened distal nephrons of mice [45 && ]. Such augmentation of bradykinin signaling could possibly be explained by the close association of ACE with B2R, as has been reported for different cell types [75] . This leads to a decreased actual concentration of the agonist in the vicinity of the receptors because of the tonic kininase activity of ACE. Alternatively, ACE inhibitors can directly interact with B2R allosterically enhancing function of the receptor [76] .
The observation that bradykinin-mediated inhibition of ENaC is controlled by ACE, suggests that augmented bradykinin signaling in the distal nephron can contribute to the natriuresis and decreased BP promoted by ACE inhibition. Consistent with this, B2R inhibition significantly attenuates the hypotensive effect of the ACE inhibition in both normotensive and hypertensive individuals [7] . Using patch clamp electrophysiology in freshly isolated mouse distal nephrons, our group demonstrated that chronic ACE blockade with captopril leads to a markedly diminished basal ENaC activity in the distal nephron cells of mice kept on normal sodium intake [45 && ]. Importantly, genetic ablation of bradykinin receptors virtually eliminates this inhibition, pointing to a dominant role of bradykinin signaling. This was also associated with blunted natriuresis in response to captopril in mutant mice [45 && ]. However, the precise contribution of the amiloride-sensitive (i.e., ENaC dependent) component was not directly assessed.
Interestingly, regulation of bradykinin levels by ACE may represent only a part of a more complex interaction between renal KKS and the intratubular renin-angiotensin system (RAS). Indeed, all components of the functional local RAS are present in the distal nephron. Principal cells in the CNT and CCD abundantly express renin [77, 78] that, in turn, cleaves angiotensinogen synthesized by the proximal tubule to Ang I [79] . ACE is present at the apical membrane of distal nephron cells allowing paracrine generation of Ang II from Ang I [73, 78, 80] . We now recognize a critical role of the intrarenal RAS in the development of excessive sodium retention during different pathological conditions such as salt-sensitive hypertension and diabetes mellitus [78, 81, 82] . Kidneys have enormous capacity to produce Ang II locally. The renal tubules and interstitial compartments contain up to 1000-fold higher levels of Ang II compared with that present in plasma indicating high ACE activity [83, 84] . Interestingly, genetic deletion of ACE in the kidney drastically diminishes the hypertension induced by Ang II infusion and prevents the activation of sodium transporting systems, including ENaC, in the loop of Henle and distal nephron [85 & ]. Furthermore, AT1R and B2R are reported to be coupled at the functional and transcriptional levels in distal nephron cells. Specifically, augmented responses to bradykinin are reported in inner medullary collecting duct cells treated with Ang II [86] . In contrast, B2R mRNA levels are significantly decreased in mice lacking AT 1 R [86] . Thus, it is reasonable to propose that this spatial co-localization of KKS and RAS in the distal nephron cells allows intricate interactions between the two systems in setting ENaC-mediated sodium reabsorption in response to systemic stimuli. Concomitantly with the actions of aldosterone, distal tubular RAS is essential to increase ENaCmediated Na þ reabsorption during dietary sodium restriction. In contrast, a dominant role of the KKS becomes apparent upon volume-expanded states promoting natriuresis and protecting from excessive salt conservation (Fig. 2) . A thorough understanding of this process will allow precise control of salt and water urinary excretion enabling delicate but effective correction of circulating volume.
CONCLUSION
Recent experimental and clinical efforts have greatly advanced our understanding of the mechanisms and physiological relevance of kinin actions on ENaC-mediated sodium transport in the distal nephron. Bradykinin, via stimulation of B2R, exerts tonic inhibitory actions on ENaC activity by reducing single channel capacity to conduct Na þ . Disruption of this regulation in animal genetic models leads to overactive ENaC that is detrimental under sodiumloaded conditions. Consistently, genetic variations in the gene encoding B2R correlate with susceptibility to develop salt-sensitive hypertension in patients. Bradykinin actions on ENaC appear to significantly contribute to the natriuresis promoted by ACE inhibition. Thus, it is likely that genetic polymorphism in genes encoding B2R and other functional components of KKS may predict the efficiency of antihypertensive blockade of RAAS in patients. Future studies are needed to probe this possibility.
